Low-energy-electron-diffraction intensity measurements and multiple scattering analysis are used to determine the multilayer surface relaxation of clean and hydrogen-dosed Nb͑100͒ as a function of temperature. Accurate characterization of residual surface impurity concentration ͑oxygen͒ based on Auger electron spectroscopy is used to obtain a meaningful extrapolation of the first-layer relaxation to the clean surface value: d 12 = 1.481± .05 Å corresponding to ⌬ 12 = −10± 3%, a 10% relaxation relative to the bulk value d 0 = 1.645 Å. This experimental result for d 12 can be used to judge the accuracy of recent ab initio calculations for Nb͑100͒. Temperature-dependent changes in surface relaxation resulting from hydrogen dosing of Nb͑100͒ manifest an expansion of the near-surface lattice resulting from subsurface hydrogen atoms. The hydrogen-induced expansion of near-surface interplanar separation is determined to be 3 ± 1% at T =125 K, 4±1% at T = 300 K, and −1±1% at T = 400 K. The measured hydrogen-induced surface lattice expansion is consistent with the bulk lattice constant change ͑⌬ ϳ 4.5% ͒ that occurs when Nb is hydrated to form ␤NbH. The observed relaxation of the hydrogen-dosed near-surface interplanar separation to the clean surface value for T Ͼ 400 K is consistent with the subsurface "hydrogen valve" model that has been used to account for unusual hydrogen uptake kinetics associated with Nb͑100͒.
I. INTRODUCTION
The intrinsic properties of Nb and the interaction of hydrogen and oxygen with Nb surfaces are subjects of considerable interest because of the technological importance and physical and chemical properties associated with Nb and its surfaces. 1, 2 Nb has the highest superconducting transition temperature of all elemental metals. 3 Nb and other group VB metals exhibit extremely high mobility of hydrogen, and have been widely used as prototype materials for studying metal-hydrogen interactions, including both quantummechanical and classical diffusion processes. 2 The surface properties of Nb͑100͒ offer special interest: unlike ͑bcc͒ W͑100͒ and Mo͑100͒, which exhibit reversible temperaturedependent reconstruction, 4 Nb͑100͒ maintains a p͑1 ϫ 1͒ structure. Hydrogen uptake by Nb͑100͒ has been extensively studied [5] [6] [7] [8] [9] because of the hydrogen adsorption and/or desorption behavior manifested by this surface. The chemical effects have been attributed to subsurface hydrogen sites that affect the admission of hydrogen into the bulk and govern surface hydride formation.
While the surface electronic structure of Nb͑100͒ has been investigated by photoemission, [10] [11] [12] [13] 4, 15, 16 and the vibrational properties have been investigated by inelastic electron 17 and He atom 18 scattering, the only attempt at a surface structure determination appears to be a study of photoelectron diffraction. 19 There are numerous ab initio calculations that explore the electronic, vibrational, and structural properties of bulk Nb, 20 Nb hydrides, 21 and Nb surfaces, [22] [23] [24] [25] but there appear to be no prior measurements of closely related multilayer surface relaxation of any Nb surface by lowenergy-electron diffraction ͑LEED͒. This paper presents a LEED investigation of multilayer relaxation of Nb͑100͒ including the effects of hydrogen. The results are relevant to recent ab initio calculations of surface properties of reactive transition metal surfaces, and various prior studies of hydrogen uptake kinetics and chemisorption of hydrogen at N͑100͒. These prior studies suggest that the properties associated with the hydrogen-Nb͑100͒ surface are governed by hydrogen atoms at tetrahedral lattice sites near the surface. The results also extend our study [26] [27] [28] [29] of trends in multilayer relaxation of reactive transition metal surfaces. This experimental program was stimulated by systematic inconsistencies 30, 31 between top-layer relaxation obtained from ab initio calculations and corresponding results from LEED crystallography.
II. SAMPLE PREPARATION
In situ cleaning, surface characterization, and structure measurements were carried out using an UHV instrument that incorporates LEED, Auger electron spectroscopy ͑AES͒, electron-energy-loss spectroscopy, and ultraviolet photoemission capabilities. The LEED intensity-versus-voltage ͑I-V͒ spectra were measured using frame-grabbing instrumentation interfaced to a SIT camera. The instrument has been used in prior LEED [26] [27] [28] [29] and inelastic electron scattering 17 studies, and the LEED methodology has been described in prior publications. [26] [27] [28] [29] Clean surface preparation of Nb͑100͒ presents significant challenges as noted in prior publications. 1, [12] [13] [14] 17, 18 The problems are very similar to those encountered for V͑100͒. 29 Nb is a 4d metal that lies just below V ͑3d metal͒ in the Periodic Table. Both V and Nb exhibit high reactivity to and solubility of hydrogen and other elements, including carbon and oxygen. The best efforts to date have yielded only technically clean surfaces of both V͑100͒ and Nb͑100͒. In the case of V͑100͒, bulk carbon limits the cleanliness of a prepared surface to 4%-5% carbon; 29, 32 for Nb͑100͒, the strong chemical affinity, high solubility, and high desorption temperature associated with oxygen and the Nb surface have limited the purity of technically clean Nb͑100͒ to about 8% oxygen. Fortunately, recent detailed characterization of ordered surface chemisorbed layers ͓oxygen for Nb͑100͒ ͑Ref. 1͒ and carbon for V͑100͒ ͑Refs. 32 and 33͔͒ based on AES and scanning tunneling microscopy ͑STM͒ has established accurate adsorbate coverages referenced to AES peak ratios, and these surface coverage calibrations permit extrapolation of LEED measurements of the multilayer relaxation of technically clean surfaces to clean surface values. 29 Figure 1 summarizes AES peak ratios ͑O 510 /Nb 168 ͒ for ordered oxygen overlayer models based on STM studies of oxygen-dosed Nb͑100͒. 1 The plotted coverage is based on the fraction of fourfold Nb͑100͒ sites filled by oxygen atoms. The STM images reveal islands and some top-layer Nb atom reconstruction that reduce the effective coverage compared to an ideal coverage model. In the case of the c͑2 ϫ 2͒ structure, a "stick" structure reduces the coverage from the ideal
. This stick reconstruction behavior brings the c͑2 ϫ 2͒ oxygen AES peak ratio into reasonable agreement with the coverage-dependent ratios established for the other ordered layers. The lowest O 510 /Nb 168 peak ratio achieved in our extensive efforts to clean Nb͑100͒ was O 510 /Nb 168 ծ 0.04 which according to the calibration data ͑Fig. 1͒ corresponds to an oxygen contamination level of about 8%.
Because of the relatively high mobility of oxygen in Nb, it is possible to attribute some uncertainty to the calibration of surface oxygen contamination in terms of the AES O / Nb peak ratio based on STM images, because STM is not sensitive to subsurface oxygen. However, there is no evidence 17 that the oxygen present at a technically clean Nb͑100͒ surface is below the surface ͑as is clearly the case for hydrogen͒; therefore, the oxygen AES calibration result obtained from Fig. 1 is believed to be accurate.
Our Nb͑100͒ crystal was prepared and cleaned using the same techniques described for V͑100͒. 29 The crystal was cut from an aligned high-purity ͑99.99%͒ boule using a movingwire electrode and aligned using x-ray Laue methods with the assistance of ORIENT EXPRESS ͑Ref. 34͒ software. Initial cleaning and AES analysis of surface impurities revealed carbon, sulfur, and oxygen after several cycles of Ne ion sputtering and annealing. Extensive cycles of ion sputtering and annealing to within 200 K of the melting temperature ͑2740 K͒ yielded a technically clean Nb͑100͒ surface that was free of all impurities ͑except oxygen͒ to the sensitivity limit of AES ͑estimated to be 1%͒, and an oxygen concentration of about 8%.
III. LOW-ENERGY-ELECTRON-DIFFRACTION DATA AND ANALYSIS
LEED intensity-versus-voltage ͑I-V͒ data sets were acquired after symmetrizing conjugate ͑symmetry-degenerate͒ beam intensities as described previously. [26] [27] [28] [29] Typical Pendry ͑r P ͒ and Zanazzi-Jona ͑r ZJ ͒ r factors for conjugate beam and/or averaged beam comparison of unsmoothed I-V spectra for five "clean" Nb͑100͒ data sets are as follows: ͑10͒ beams ͑450 eV range͒ r P ϳ 0.163, r ZJ ϳ 0.052; ͑11͒ beams ͑350 eV range͒ r P ϳ 0.152, r ZJ ϳ 0.052; ͑20͒ beams ͑300 eV range͒ r P ϳ 0.124, r ZJ = 0.055; ͑21͒ beams ͑200 eV range͒ r P ϳ 0.156, r ZJ ϳ 0.041. Corresponding values for five hydrogen-dosed Nb͑100͒ data sets are as follows: ͑01͒ beams, r P ϳ 0.136, r ZJ ϳ 0.028; ͑11͒ beams, r P ϳ 0.159, r ZJ ϳ 0.048; ͑20͒ beams, r P ϳ 0.146, r ZJ ϳ 0.047; ͑21͒ beams, r P ϳ 0.145, r ZJ ϳ 0.040. The low r factors indicate good alignment of the incident beam along the ͑100͒ crystal axis.
The Barbieri/Van Hove SATLEED code 35 was used to numerically simulate the measured I-V spectra. A typical example of an optimized simulation is shown in Fig. 2 with the corresponding I-V data set and r factors that characterize the fit. The calculations are based on 13 relativistic phase shifts, which were also calculated using the Barbieri/Van Hove code. Convergence tests in which r factors and structure parameters were evaluated as a function of the number of phase shifts used in the analysis revealed no differences for l max ജ 6. Standard r factor analysis based on r P and r ZJ was used to optimize structural and nonstructural parameters leading to structure determination based on the I-V spectra. The application of both r P and r ZJ criteria yielded essentially the same structural results. All calculations for both technically clean and hydrogen-dosed Nb͑100͒ were carried out using a surface structural model that allowed multilayer relaxation of the top three layers, but no lateral displacements of the atoms within a plane. This assumption is consistent with STM studies 1 of Nb͑100͒ and with the p͑1 ϫ 1͒ LEED patterns observed in our experiments that manifest no evidence of surface reconstruction.
LEED simulations for the hydrogen-dosed Nb͑100͒ surface were carried out using the same multiple scattering model ͑crystal unit cell͒ used for the clean surfaces. Neglecting the weak scattering from hydrogen atoms is justified, based on our prior LEED experiments on clean and hydrogen-dosed Rh͑001͒. 26 In that study, two structural models were applied to experimental I-V spectra obtained from a saturated coverage of H on Rh͑100͒. One model neglected scattering from hydrogen atoms, and the second model included hydrogen atoms in the ͑lowest total energy͒ fourfold hollow sites. Both simulations converged to the same model for the multilayer surface relaxation ͑within ±0.01 Å͒. Based on multilayer relaxation results for hydrogen-dosed Nb͑100͒, presented later, a LEED I-V analysis was also carried out assuming that the bulk Nb͑100͒ surface was terminated by a single unit cell of bulk ␤NbH. This model did not provide a better fit to experimental data for hydrogen-dosed Nb͑100͒.
IV. TECHNICALLY CLEAN AND CLEAN Nb(100) STRUCTURE
Density-functional-theory calculations provide a means of studying trends in physical parameters associated with metal surfaces such as surface energies, work functions, and surface relaxation, as well as chemical phenomena such as chemisorption. 23, 36 The study of trends for high-index crystallographic surfaces of a series of metals ͑for example, the 4d transition metals͒ offers important opportunities for testing simple models of surface behavior and for gaining insight into the physical processes that govern the trends. For example, the tendency of sp electrons to spread smoothly at a surface, coupled with the directional forces associated with localized d electrons, has been used to account for various trends observed in the surface relaxations and chemical behavior of transition metal surfaces.
A key element in assessing the validity and accuracy of ab initio calculations of surface properties has been the comparison of calculated multilayer surface relaxation with corresponding results obtained by electron-diffraction experiments. Tests based on other information, such as work functions, occurrence of magnetic ordering or magnetic dead layers, the tendency of certain bcc surfaces ͓i.e., W͑100͒ and Mo͑100͔͒ to reconstruct, and electronic structure specific to a surface ͑electronic surface states and resonances͒, have also been used to test predictive accuracy of ab initio calculations, but multilayer surface relaxation seems to have become the traditional standard test. This is a logical choice because the position and coordination of surface atoms is a ground state property that governs other physical properties, including surface and thin-film magnetism and surface electronic structure; the structure can, in principle, be accurately determined ͑by LEED͒. The use of electronic binding energies and bandwidths determined by photoemission as a means of evaluating accuracy of calculations may be a less favorable criteria because these parameters involve excitations that introduce questions about energy shifts resulting from many-body effects.
Although the comparison of calculated and measured multilayer surface relaxations has been adopted as one of the most important tests of the predictive accuracy of ab initio methodology, significant ͑and apparently systematic͒ discrepancies between experimentally and theoretically determined multilayer relaxations have been noted. 30, 31 Ab initio methods generally reproduce quite accurately bulk lattice parameters obtained by x-ray diffraction; therefore, the corresponding discrepancies for surface structure, which in many cases exceeds the claimed accuracy of both the LEED methodology and the calculations, has caused some concern. Some of the existing discrepancies have been recently accounted for in terms of the effects driven by low concentrations of ͑undetected͒ hydrogen 28 or other surface impurities 29, 32 that increase the coordination of surface atoms. Increased coordination of surface atoms tends to reduce top-layer relaxations. These results justify reevaluation of some of the existing LEED structure determinations with special attention to the level of surface impurities, as well as new LEED experiments using surfaces for which ab initio calculations have included predictions of multilayer relaxation, i.e., Nb͑100͒. Table I summarizes the available surface structure information for Nb͑100͒ derived from ab initio calculations, and from the only existing experimental result ͑based on photoelectron diffraction͒ for top-layer relaxation. The results displayed in Table I represent one of the few cases where an existing experimentally determined top-layer relaxation is greater than typical values obtained from ab initio calculations. Also summarized in Table I are our LEED results for ⌬ ij for extrapolated clean, technically clean ͑ϳ8% oxygen͒. Hydrogen-dosed experiments are described in the following section. Figure 3 displays values of ⌬ 12 and ⌬ 23 for Nb͑100͒ with an ordered c͑2 ϫ 2͒ oxygen surface layer and for technically clean p͑1 ϫ 1͒ Nb͑100͒ with an estimated ͑disordered͒ oxygen concentration of ϳ8%. The oxygen concentration is based on the AES calibration described in Fig. 1 . The r P Energy (eV) Intensity (Arbitrary Units) (10) beam (11) values obtained in fits for p͑1 ϫ 1͒ technically clean Nb and c͑2 ϫ 2͒ oxygen on Nb͑100͒ are low enough to be able to place high confidence in the LEED-determined value of ⌬ ij . For example, similar values of r P were obtained in our prior LEED analysis of clean Rh͑100͒, r P ϳ 0.30 for 100 K data sets; W͑100͒, r P ϳ 0.202 for 400 K data sets; technically clean Ti͑0001͒, r P ϳ 0.140 for 125 K data sets, and technically clean V͑100͒, r P ϳ 0.223 for 150 K data sets. In these prior experiments, technically clean surfaces corresponded to 20% hydrogen for Ti͑0001͒ and 6% carbon for V͑100͒. Our extrapolated clean surface value of ⌬ 12 is in good agreement with the result obtained from the most recent ab initio calculation.
V. HYDROGEN-DOSED Nb(100)
Table II presents a more detailed account of experimental results for ⌬ ij obtained from LEED analysis of technically clean and hydrogen-dosed Nb͑100͒. Several data sets were obtained at three temperatures. The minor differences in ⌬ ij at different temperatures are attributed to the ability of Nb to absorb hydrogen into the bulk, especially at elevated temperature, and the fact that the best technically clean Nb͑100͒ surfaces exhibited easily detected ͑by AES͒ oxygen contamination ͑ϳ8%͒. The hydrogen contamination of the technically clean Nb͑100͒ was judged low ͑Ͻ1%͒ based on the base pressure ͑ϳ5 ϫ 10 −11 torr͒ and previous experience with evaluating the effects of hydrogen contamination at similar base pressure. 28, 29 The hydrogen-dosed surface structural data exhibit temperature-dependent trends in multilayer relaxation that are consistent with prior photoemission, [10] [11] [12] [13] [14] [15] [16] inelastic electron scattering, 17 and adsorption and/or desorption kinetics [5] [6] [7] [8] experiments that probe the hydrogen-Nb͑100͒ surface system. These experiments probed temperature-dependent electronic ͑photoemission͒ and vibrational ͑inelastic electron scattering͒ properties associated with hydrogen-dosed Nb͑100͒ that were interpreted to result from the effects of hydrogen in tetrahedral subsurface sites. Both experiments exhibited reversible temperature-dependent effects produced by hydrogen dosing that provided indirect experimental evidence of the self-trapped subsurface state model which has been proposed to account for the kinetics of hydrogen uptake by Nb. [5] [6] [7] [8] [9] [10] Our LEED results for multilayer surface relaxation of hydrogen-dosed Nb͑100͒ provide more direct evidence for the subsurface hydrogen sites and additional support for the model of uptake kinetics based on these sites. Figure 4 displays a side-view model of the ͑bcc͒ Nb͑100͒ surface with symbols that describe various lattice plane displacements and separations. Table III defines the parameter ⌬ i and lists ͑normalized͒ values of ⌬ 1 and ⌬ 2 obtained from temperature-dependent multilayer relaxation of clean and hydrogen-treated Nb͑100͒. Entries of Table III that are noted by * highlight values of ⌬ 2 that manifest significant changes resulting from hydrogen dosing or changes in temperature. The significant changes in ⌬ 2 resulting from hydrogen dosing result primarily from the large changes of ⌬ 34 ͑Table II͒ that occur after hydrogen dosing of Nb͑100͒ below 400 K. Note that ⌬ 2 characterizes the separation of crystallographic planes just below the surface. The change in ⌬ 2 resulting from hydrogen dosing below 400 K corresponds to a unitcell distortion along the ͑100͒ direction of 3%-4%. Formation of bulk NbH results in a change in the ͑bcc͒ lattice constant from a o = 3.29 Å to a o = 3.44 Å ͑␤ phase͒ or a o = 3.46 ͑␦ phase͒ corresponding to an expansion of 4.5% ͑␤ phase͒ or 5.2% ͑␦ phase͒.
The observed changes in multilayer surface relaxation of technically clean Nb͑100͒ as a function of temperature for a hydrogen-dosed surface are consistent with prior experiments that explore subsurface hydrogen at Nb͑100͒. The results manifest strong evidence of lattice expansion for T Ͻ 400 K attributed to hydrogen atoms occupying tetrahedral sites in the lattice near the surface. The measured expansion of the near-surface lattice ͑⌬ 2 = separation between second and third lattice planes͒ is 3 ± 1% at 125 K, 4 ± 1% at 300 K, and −1 ± 1% at 400 K. The expansion at T Ͻ 400 K is compatible with the change in lattice constant when Nb is hydrated to ␤NbH ͑4.5% increase͒. The relaxation of the lattice expansion to the clean surface value for T Ͼ 400 K is consistent with thermally driven depopulation of the near-surface hydrogen sites that has been used to explain temperaturedependent changes in the surface electronic and vibrational properties of hydrogen-dosed Nb͑100͒ which supports the subsurface-valve model of hydrogen uptake kinetics associated with Nb͑100͒.
VI. SUMMARY
The surface structure of Nb͑100͒ has been investigated by LEED crystallography as a function of temperature and as a function of oxygen coverage and hydrogen dose. The multilayer relaxation of c͑2 ϫ 2͒ O on Nb͑100͒ and technically clean p͑1 ϫ 1͒ surfaces with ϳ8% oxygen contamination were determined by LEED and used to extrapolate the value of top-layer relaxation to a clean surface value d 12 = 1.481± 0.05 Å corresponding to a contraction of −10.0± 3%. The value is in reasonably good agreement with recent ab initio calculations that predict a first-layer contraction at Nb͑100͒ of 10%-12% ͑Table I͒. The only other available experimental result for d 12 at Nb͑100͒ is based on photoelectron diffraction d 12 =13±5% ͑Table I͒. Thus, the two experiments are compatible based on the error estimates. The photoelectron-diffraction result is not accompanied by a meaningful quantitative assessment of the surface oxygen or hydrogen concentration; therefore, any additional comparison or discussion of the two experimental values is unjustified.
Surface vibrational modes for hydrogen-dosed Nb͑100͒ ͑Ref. 17͒ are consistent with hydrogen atoms at subsurface tetrahedral sites of the Nb lattice ͑␤ phase of NbH͒. Both vibrational spectroscopy 17 and photoemission spectroscopy 14 experiments indicate the existence of a reversible phase transition associated with subsurface site occupancy by hydrogen at Nb͑100͒ that occurs in the temperature range 300ഛ T ഛ 600 K. The hydrogen-induced variation of ⌬ 2 determined by LEED and displayed in Table III is consistent with the previously observed reversible phase transition involving subsurface hydrogen sites at Nb͑100͒, and provides direct structural evidence for the surface-valve model based on measured expansion of the near-surface lattice. 
